Measurement of Dicke Narrowing in Electromagnetically Induced Transparency 
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Dicke narrowing is a phenomena that dramatically reduces the Doppler width of spectral lines, due 
to frequent velocity-changing collisions. A similar phenomena occurs for electromagnetically induced 
transparency (EIT) resonances, and facilitates ultra-narrow spectral features in room-temperature 
vapor. We directly measure the Dicke-like narrowing by studying EIT line-shapes as a function 
of the angle between the pump and the probe beams. The measurements are in good agreement 
with an analytic theory with no fit parameters. The results show that Dicke narrowing can increase 
substantially the tolerance of hot- vapor EIT to angular deviations. We demonstrate the impor- 
tance of this effect for applications such as imaging and spatial solitons using a single-shot imaging 
experiment, and discuss the implications on the feasibility of storing images in atomic vapor. 



Dicke narrowing [f*] is a phenomenon in which the 
width of Doppler-broadened absorption lines is dramati- 
cally reduced due to frequent velocity-changing collisions. 
This phenomenon is significant in a wide variety of phys- 
ical systems where the motion of the radiators is con- 
fined to a region comparable or smaller than the emit- 
ted radiation wavelength. It facilitates the high precision 
spectroscopy necessary for various applications of metrol- 
ogy and quantum information processing such as atoms 
trapped in optical lattices 0, trapped ions [4] and 
ultra-narrow microwave absorption lines in wall-coated 
vapor cells [HI, @| . 

Dicke narrowing also occurs in the context of two- 
photon spectroscopy, and enable narrow features in an 
otherwise Doppler broadened media. In the present work 
we quantitatively study the Dicke-narrowing effect in 
electromagnetically induced transparency (EIT) by con- 
tinuously scanning a wide range of narrowing factors and 
comparing the results to an analytic model. We discuss 
the effect of Dicke narrowing on EIT experiments where 
transverse properties of the probe beam are important, 
and demonstrate it using a single-shot imaging experi- 
ment in EIT. 

EIT involves two radiation fields, a probe and a pump, 
and may exhibit Doppler broadening if the wave- vectors 
of the radiation fields, qi and q2, are not equal. As an 
example we consider the EIT resonance within the clock 
transition of an Alkali atom, imposing a frequency differ- 
ence of several GHz between the two radiation fields. In 
this case there is a small difference in the Doppler shifts 
of the two fields, so we expect a residual Doppler broad- 
ening of the EIT resonance, given by T^® = |qi — q2| '^th, 
where ^th is the one-dimensional mean thermal velocity 
of the atoms. However, in vapor cells with buffer-gas the 
measured resonances widths (~ 100 Hz) are far narrower 
than the expected broadening (T^^® :^ 10 kHz). This 
narrowing is commonly attributed to a Dicke-like effect 
owing to collisions with the buffer gas 0, H, 0, [l^ , but 
no quantitative measurement of Dicke narrowing in EIT 
was performed. 

Recently we showed, using an analytic theory [ll|. 



that the Dicke-like narrowing factor for an EIT reso- 
nance is proportional to the mean free-path divided by 
the wavelength associated with the wave-vectors differ- 
ence Aeit = 27r/ |qi — q2|. Hence, for the typical clock- 
transition EIT setup the residual Doppler broadening is 
suppressed by Dicke narrowing to ~ 1 Hz, negligible com- 
pared to other broadening mechanisms and therefore not 
measurable. In order to observe a finite Dicke-narrowed 
line- width and to scan the narrowing factor, we inves- 
tigate a degenerate EIT scheme (|qi| = |q2|) and intro- 
duce a small angular deviation between the pump and the 
probe. By controlling the angular deviation the Dicke- 
Doppler width can be increased to a measurable level and 
compared with the theory. The angular deviation is used 
here as a tool to study the effect of Dicke narrowing, but 
it has important influence on several possible applications 
of EIT where the angular deviation (or divergence) are 
unavoidable. Those include slowing and storing of images 
[iH, Solitons [13|,ljj, and strong confinement [lH. 

Several authors have previously considered the effect of 
angular deviation between the pump and the probe. In 
[16] the measured width of the EIT lines was found to be 
far below the broadening expected from the angular devi- 
ations in the setup. In \Y?\ and [is'] a broadening of sev- 
eral MHz due to an angular deviation of several mrad was 
measured. All these experiments were performed in cells 
with no buffer gas, showing only the residual Doppler 
broadening and not the Dicke narrowing. 

In [m we calculated the energy absorption spectrum of 
the probe beam in a A— type EIT system, in the regime of 
a weak probe and low power-broadening. The EIT line- 
shape is obtained on-top of the single photon absorption 
spectrum, and we consider the case where the one-photon 
transition is Doppler broadened while the two photon 
transition is Dicke narrowed. This is the case for most of 
the realistic EIT experiments in buffer gas cells since the 
optical wavelength (A 1 jam) is much smaller than the 
wavelength associated with the wave-vectors difference 
(Aeit = 1 — 10 cm), and the mean free-path between 
collisions, L, is usually in between (i.e. A < L < Aeit) • 
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For this case we derived the expression [11 1 
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where S2{Ar) is the two-photon absorption spectrum, 
Ar is the Raman detuning, 1^2 is the Rabi frequency 
of the pump, F is the optical decoherence rate, 7 is 
the collisions rate, F21 is the ground state decoherence 
rate and rj is the EIT-Dicke narrowing factor, given by 
V = ^Wh = 27r(L/AEiT). Note that Eq. [1] is valid 
for the case of small one-photon detuning, and hence 
depends only on the Raman detuning A^^. In our ex- 
periment we use small angular deviation, < 1 mrad, 
between the pump and the probe, and a nearly degen- 
erate A system. For that case |qi — q2| = qO , where 
|qi| = 1^2! = Q- Therefore both the residual Doppler 
broadening, F^® = |qi — q2|'^th = ^^'^th, and the EIT- 
Dicke narrowing factor, r] = qOvth/j = 27r^(L/A), are 
linear in 0. Finally the FIT line-shape can be written as 
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where Vd = <7^th is the one-photon Doppler width. We 
find that the EIT resonance has the shape of a Lorentzian 
with an excess width, over the width at ^ = 0, of 



27rL 
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This implies that the excess width will be quadratic in the 
angular deviation, unlike regular Doppler width which 
has a linear dependence. 

In the first experiment we measure the EIT resonances 
for different angular deviations between the pump and 
the probe. The EIT is performed within the Dl transition 
of ^''Rb (Fig. [TJa). Two Zeeman sub- levels of the ground 
state (|F = 2; mp = 0) , |F = 2; mp = +2)) are used as 
the two lower levels of a nearly-degenerate A— system 
{\Qi\ = I ^2 1)- The experimental setup is depicted in Fig. 
[TJb. A vertical-cavity surface-emitting diode laser (VC- 
SEL) is stabilized to the F = 2 ^ = 1 transition. The 
laser is split into two beams of perpendicular polariza- 
tion, the pump and the probe, using a polarizing beam- 
splitter (PBS). The probe and the pump pass through 
acousto-optic modulators (AOM) allowing us to precisely 
control the Raman detuning. The pump and the probe 
are recombined on a second PBS, and co-propagate to- 
wards the vapor cell. A quarter wave-plate before the 
cell converts the pump and the probe polarizations to 
(7+ and (j~ respectively. The pump beam has a waist ra- 
dius of Wpxxrnp = 2.3 mm and a total intensity of 180 jj^W. 
The pump power is selected so that the power-broadening 
due to the pump is small compared to the EIT natu- 
ral homogeneous width {nl/T < F12). This ensures the 
low power-broadening assumed by our theoretical model. 
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FIG. 1: (Color online) (a) Energy levels scheme of the Dl 
transition and the A-system used for the EIT. (b) The exper- 
imental setup: VCSEL - vertical cavity surface emitting laser 
diode. A/2 - half wave-plate. PBS - polarizing beam splitter. 
AOM - acousto-optic modulator. A/4 - quarter wave-plate. 
MS - magnetic shield. HC- Helmholtz coils. CCD - camera 
used for the imaging experiment, (c) Geometry of pump and 
probe beams crossing the vapor cell. A small angle between 
the beams, 0, is introduced while keeping the beams concen- 
tric at the middle of the cell. 



The probe beam has a waist radius of wq = 660 /im and 
its intensity is 1 /iW^, much weaker than the pump. The 
small size of the probe guarantees that it experiences a 
nearly constant pump intensity. The waist of both beams 
is approximately at the middle of the vapor cell, making 
the angular divergence negligible. The angular deviation 
between the pump and the probe is precisely controlled 
by two mirrors, while keeping the probe concentric with 
the pump at the middle of the cell (see Fig. [He). The 
maximal translation of the probe at the edges of the cell, 
and at maximum angular deviation is ~ 25 /im, much 
smaller than the waist radius of the pump. We use a 
5 cm long vapor cell containing isotopically pure ^^Rb 
and 10 Torr of Neon buffer gas. The temperature of the 
cell is ^ 52° C, providing a Rubidium vapor density of 
~ 1.3 X 10^^ /cc. The cell is placed within a four-layered 
magnetic shield, and a set of Helmholtz coils allows us to 
control the axial magnetic field. We use a small, Bz = 50 
mC, axial magnetic field to set the quantization axis. Af- 
ter the beams pass through the vapor cell they are sep- 
arated using polarization optics, and the probe beam is 
measured by a photo-diode detector. 

For each angular deviation we measure the EIT reso- 
nance by scanning the Raman detuning. The scan rate is 
slow enough to achieve the steady-state shape of the EIT 
resonance. Fig. [2] shows several EIT resonances mea- 
sured for different angular deviations between the pump 
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FIG. 2: (Color online) EIT resonances for several angular 
deviations between the pump and the probe. The angular 
deviation broadens the EIT line and reduces its amplitude. 



FIG. 3: (Color onhne) The FWHM of the EIT resonance vs. 
the angle between the pump and the probe. The theoretical 
curve was calculated with no fit parameters. 



and the probe. As the angular deviation is increased 
the EIT resonance width increases and its amplitude de- 
creases. However, the effect of angular deviation is much 
smaller than one would expect from the residual Doppler 
width. For example, at an angular deviation of 0.5 mrad 
the expected residual Doppler width is F^^® = 250 kHz 
while the increase of the measured width (compared to 
that of perfect alignment) was only 2 kHz, showing dra- 
matic Dicke-like narrowing. Note that the center of the 
EIT resonance is at non-zero Raman detuning due to a 
small light-shift 0. 

To quantitatively verify our theory for Dicke-like nar- 
rowing of EIT resonances we compare the width and 
the amplitude of the experimental and theoretical EIT 
resonances. Fig. [3] depicts the measured full-width at 
half-maximum (FWHM) versus the angular deviation be- 
tween the pump and the probe, as well as the theoretical 
curve. The quadratic dependence of the width on the an- 
gle is clearly evident from the experimental results — a 
distinct signature of the Dicke narrowing phenomenon 
(see Eq. [3]). The calculation of the predicted excess 
width requires only three parameters: the one-photon 
Doppler width, Td, the optical wavelength. A, and the 
mean free-path between collisions, L. While both Tjj 
and A are known to a very good accuracy, a larger uncer- 
tainty exists in determining L since our medium involves 
two different species with different masses and densities. 
Following [13, that discuss similar cases, the kinetic 
collision rate is given by rcoii = k^^k'^ where p is the 
buffer gas pressure, T is the temperature, ks is Boltz- 
man's constant, ak is the kinetic cross-section for a colli- 
sion between Ne and Rb and v is the Ne-Rb mean relative 
velocity. The cross-section for collisions between Ne and 
Rb is given by ak = ^ri^^^ a^, where Rm-Ne — 0.35 nm 
is the hard-sphere radius [lO, l2l| . For our experimental 
conditions we get Vcoii — 8 x 10^ collisions per second, 
and using the average thermal velocity of the Rb we find 



a mean free-path of L :^ 2.2 jim. As seen in Fig [3l the 
agreement between the experimental data and the theory 
containing no fit parameters is very good. 

Fig. m shows the peak transmission of the measured 
EIT resonance as a function of 6 (normalized to the peak 
transmission at ^ = 0) together with the theoretical pre- 
diction of Eq. [21 The experimental measurements (cir- 
cles) are denoted as a 'spectroscopic measurement'. The 
theoretical curve is plotted with the same parameters 
used in Fig. [3] and with F 150 MHz (found from an 
absorption spectroscopy measurement). A good quanti- 
tative agreement between the theoretical model and the 
measurements is obtained, again with no fit parameters. 
The results presented in Figs. [3] and [4] confirm that Dicke- 
like narrowing is the dominant mechanism which deter- 
mines the shape of EIT resonances at small angular de- 
viations, and verify quantitatively the suggested model 

[11]. 

The effect of angular deviation on EIT is important 
for many applications related to the transverse proper- 
ties of the probe beam, e.g. [22]. To demonstrate this 
we study the beam shape of the transmitted probe by 
replacing the detector with a CCD camera (see Fig. [TJb) 
[23[. We set the Raman detuning to zero and compare 
the EIT transmission of a probe beam that is deliber- 
ately focused and diverges as it propagates towards the 
cell with that of a collimated probe beam. The angular 
deviation of the divergent probe is proportional to the 
radius, 6 (r) ex r, with a maximal deviation of 1.9 mrad 
(at the waist-radius). The comparison between the off- 
resonance transmission (top-left image of Fig. [5|) and EIT 
transmission (top-right image) demonstrates the effect of 
angular deviation on the divergent probe: the outer parts 
are strongly absorbed compared to the center, reducing 
the size the EIT transmitted beam by more than 50% as 
compared to the off-resonance transmitted beam. The 
relative transparency as a function of the angular devia- 
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FIG. 4: (Color online) The relative amplitude of the BIT 
resonance vs. the angle between the pump and the probe, 
showing the agreement between a spectroscopic measurement 
(circles), a single-shot imaging measurement (triangles) and 
the theoretical model (solid line). 
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between the pump and the probe, and compared the 
results to an analytic theory for Dicke-like narrowing 
in EIT. The measurements show that, in our buffer- 
gas cell, Doppler broadening due to the angular devia- 
tion is strongly suppressed, and depends quadratically 
on as opposed to the linear dependence for regular 
Doppler broadening. We found a very good quantita- 
tive agreement between the measurements and the the- 
oretical model without any fit parameters. In a second 
experiment we demonstrated this effect in an imaging 
apparatus. The EIT transmission of a divergent probe 
beam is strongly affected by the large angular deviations 
at higher radii. In contrast, the collimated probe beam 
passes with nearly no distortion. 

Dicke narrowing is a basic phenomenon that strongly 
affects the accuracy of EIT applications with non- 
degenerate lower levels, such as frequency references (2^ . 
Dicke narrowing is also important for EIT applications 
where perfect alignment between the pump and the probe 
is not possible. These include experiments in which the 
divergence of the probe is inherently different from that of 
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the pump - such as solitons 1^, 1^ . 
strong confinement [15]. For example, considering stor- 
age of images in EIT medium, we find that the minimal 
feature size of the probe beam, assuming a planer pump 
beam, is limited by the associated angular divergence. 
Dicke narrowing in buffer-gas cells will increase substan- 
tially the acceptance angle of the EIT medium, compared 
to vacuum cells, and therefore enable storage of smaller 
feature sizes - i.e. higher resolution. The improvement 
depends on the exact experimental parameters, and can 
be more than an order of magnitude. 

We thank Paz London for his assistance during the 
experiments. 



FIG. 5: (Color online) Single-shot imaging experiment, 
demonstrating the effect of angular divergence. The probe 
geometries are illustrated on the right. A divergent probe is 
strongly absorbed in its outer parts where the angular devia- 
tion is larger, while a collimated probe is almost not affected. 



tion can be found from the averaged radial cross-sections 
of these images, and it is plotted as triangles in Fig. [H 
(denoted as 'imaging measurement'). These results are 
in good agreement with the spectroscopic measurement. 
As a control experiment we reshape the probe as a col- 
limated beam with a similar diameter (bottom part of 
Fig. [5]). It is evident that in this case the sizes of the off- 
resonance and EIT transmitted beams are nearly identi- 
cal (their variance changes by less than 5%). This ver- 
ifies that the divergent probe measurements are indeed 
related to the angular deviation. 

In conclusion, we have measured the properties of EIT 
resonances as a function of the angular deviation {0) 
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